We report on a genomic and functional analysis of a novel marine siphovirus, the Vibrio phage SIO-2. This phage is lytic for related Vibrio species of great ecological interest including the broadly antagonistic bacterium Vibrio sp. SWAT3 as well as notable members of the Harveyi clade (V. harveyi ATTC BAA-1116 and V. campbellii ATCC 25920). Vibrio phage SIO-2 has a circularly permuted genome of 80 598 bp, which displays unusual features. This genome is larger than that of most known siphoviruses and only 38 of the 116 predicted proteins had homologues in databases. Another divergence is manifest by the origin of core genes, most of which share robust similarities with unrelated viruses and bacteria spanning a wide range of phyla. These core genes are arranged in the same order as in most bacteriophages but they are unusually interspaced at two places with insertions of DNA comprising a high density of uncharacterized genes. The acquisition of these DNA inserts is associated with morphological variation of SIO-2 capsid, which assembles as a large (80 nm) shell with a novel T = 12 symmetry. These atypical structural features confer on SIO-2 a remarkable stability to a variety of physical, chemical and environmental factors. Given this high level of functional and genomic novelty, SIO-2 emerges as a model of considerable interest in ecological and evolutionary studies.
Introduction
Viruses are found wherever life occurs and current estimates of 10 31 viruses indicate that they are the most abundant biological entities on the planet (Suttle, 2005) . The discovery that the world's ocean comprises half of the global virus abundance has strongly stimulated research on marine viruses (Fuhrman, 1999; Suttle, 2005) . Over the two past decades, it has become evident that viruses, by killing a large proportion of marine plankton, have a profound impact on the structure and the functioning of the microbial food web (as reviewed in Fuhrman, 1999; Suttle, 2007; Danovaro et al., 2011) . Metagenome analyses also show that viral communities comprise the largest reservoir of genetic diversity in the ocean (Rohwer, 2003) . Most of these environmental sequences have no obvious homologues in public databases, suggesting that known viruses might not be representative of the actual diversity of marine virioplankton (Breitbart and Rohwer, 2005; Angly et al., 2006) . The genome analysis of representative members of the marine viral community is thus essential to improve understanding of the functional significance of this enormous genetic diversity.
Most marine viruses are bacteriophages that belong to the order Caudovirales (dsDNA tailed phages), which is divided into three families based on the morphologies of their tails: the Myo-, the Podo-and the Siphoviridae. As of this writing, the complete genome sequences of~35 marine phages, mostly Myo-and Podoviridae, have been published (e.g. Rohwer et al., 2000; Paul and Sullivan, 2005; Sullivan et al., 2005; 2010; Angly et al., 2009) . These studies have revealed the presence of hostderived genes that are not widespread in the genomes of non-marine phages. For example, genes encoding functions in phosphate transport (PstS), or induced in response to phosphate starvation (PhoH), were identified in numbers of marine phage genomes (e.g. Rohwer et al., 2000; Miller et al., 2003; Sullivan et al., 2005; Angly et al., 2009) . Phosphorus is an essential resource for phage replication, yet this nutrient is present in growth-limiting amounts for marine microbes in most parts of the ocean (Cotner et al., 1997; Karl and Tien, 1997; Thingstad et al., 2005) . The presence of genes involved in phosphorus acquisition suggests that phages might have developed adaptations to life in the oligotrophic ocean. Similarly, the genomes of phages infecting the cyanobacteria Synechococcus and Prochlorococcus often contain host derived genes involved in the photosynthetic machinery (Mann, 2003; Lindell et al., 2004; Sullivan et al., 2005) . Expression of these genes enables cyanophages to maintain host photosynthesis throughout the infection cycle (Clokie et al., 2006; Lindell et al., 2007) , possibly to provide the host with sufficient energy until the release of phage progeny. The frequent occurrence of the photosynthetic gene in cyanophages' genome indicates the evolutionary importance of the acquisition of this characteristic.
In comparison to myo-and podoviruses, genomics of marine siphoviruses are poorly documented. Despite their prevalence in the ocean (Edwards and Rohwer, 2005) , there are, to our knowledge, only three complete genome sequences of marine siphovirus reported in the literature. These include FJL001, a bacteriophage infecting a sponge associated a-Proteobacteria (Lohr et al., 2005) , the Vibrio phage FHSIC and the cyanophage P-SS2 (Sullivan et al., 2009) . Based on comparative genomics, these phages appear to be considerably divergent from non-marine siphoviruses, with a high proportion of uncharacterized genes (72% on average) in their genome. Interestingly, marine siphoviruses studied to date lack identifiable homologues to genes involved in phosphate acquisition and/or photosynthesis machinery. These observations point to these marine phages as having distinct ecology and evolution compared with marine and non-marine counterparts.
Here, we report on the characterization of a novel marine siphovirus, the Vibrio phage SIO-2, which was isolated from the surface water of the Northern coastal Pacific Ocean. This Vibrio phage is lytic to the Vibrio sp. SWAT3 (hereafter SWAT3), a host of considerable ecological interest. The bacterium SWAT3 can actively produce inhibitory molecules (including the antibiotic andrimid), which impede the growth of a large number of marine bacterial isolates, including the human pathogen V. cholerae (Long and Azam, 2001; Long et al., 2005) . This antagonistic bacterium may thus play an important role in structuring the bacterioplankton community (Long and Azam, 2001) . Equally interesting, a parallel structural study by G.L. Lander, A.-C. Baudoux, F. Azam, C.S. Potter, B. Carragher and J.E. Johnson (submitted) showed that the capsid of Vibrio phage SIO-2 exhibits a novel architecture as revealed by cryo-electron microscopy. Given the novel structure of this phage and the ecological importance of its host, SIO-2 emerges as a marine virus model of considerable interest in ecological and evolutionary studies. This manuscript presents a functional and genomic analysis of SIO-2 and interprets these data in an ecological and evolutionary context.
Results and discussion

A novel marine siphovirus
Morphology. Vibrio phage SIO-2 (hereafter SIO-2) formed clear well-resolved plaques that produced a high titre suspension. TEM examination indicated that SIO-2 has the morphology of a siphovirus with an isometric capsid, 81 Ϯ 4 nm in diameter, connected to a long, flexible and non-contractile tail of 209 Ϯ 16 nm in length and 11 Ϯ 2 nm in width (Fig. 1) . Chloroform treatment did not affect SIO-2 infectivity suggesting that this phage lacks a lipid membrane, as expected for a member of the Siphoviridae family.
Host-virus interactions. This phage could readily propagate on SWAT3 with a latent period of approximately 45-60 min and an average burst size of 60 viral particles per infected cell (Fig. 2) . The increase in SIO-2 abundance was accompanied by a rapid collapse of the infected host culture followed by the development of a population of resistant cells. Phages were never detected in cultures of resistant cells and their treatment with a prophage-inducing antibiotic (mitomycin C) did not lead to the production of SIO-2 particles. It is thus unlikely that the observed phage resistance is due to lysogeny. We further investigated the ability of SIO-2 to switch from a lytic to a lysogenic lifestyle using a host culture adapted in nutrient limited conditions (ZoBell/1000). For the case of phage l, the lytic cycle was indeed shown to prevail in rapidly growing cells, whereas lysogeny was favoured under low nutrient conditions (Gottesman and Oppenheim, 1994) . Adaptation of SWAT3 host in ZoBell/1000 resulted in a significant reduction in cell growth rate (0.03 h -1 vs. 0.3 h -1
in nutrient replete conditions). Even under these conditions, SIO-2 remained lytic as it induced the lysis of the nutrient limited host culture with a relatively longer latent period (4-8 h) than in nutrient replete conditions. Plaque assays using a broad range of potential hosts indicated that SIO-2 could infect relatively closely related Vibrio species of considerable ecological interest (Table S1 ). Besides the antagonistic bacterium SWAT3, this bacteriophage caused the lysis of different members of the Harveyi clade including Vibrio harveyi ATCC BAA-1116 and Vibrio campbellii ATCC 25920. The efficiency of plating (EOP) of SIO-2 on these alternate hosts was relatively unchanged with values of 0.7 and 0.8 for V. harveyi ATCC BAA-1116 and V. campbellii ATCC 25920 respectively (Table S1 ). Because cultured bacteria might not reflect the natural diversity of uncultured relatives, we also assessed SIO-2 hosts' abundance in natural microbial assemblages using fluorescently labelled particles (Table 1) . Potential hosts, mostly vibrioid heterotrophic prokaryotes (Fig. S2) , were detected in all sampling sites with abundance ranging 0.2-8.0 ¥ 10 3 cells ml
, which corresponds to an average fraction of 0.2% of the studied prokaryote communities (Table 1) . We could not detect a clear spatial pattern in SIO-2 host dynamics due to the low number of samples and differing sampling periods. Nonetheless, these results indicated that SIO-2 not only infects hosts of ecological interest but also has the potential to impact bacterial community composition in different coastal systems.
A divergent genome sequence
General properties. The sequence of SIO-2 genome assembles as a circle, indicating that the DNA in the virions is either circularly permuted or has a non-permuted terminal redundancy. Examination of the assembled sequence reads allowed us to conclude that the DNA is circularly permuted (see Experimental procedures), implying a headful DNA packaging mechanism. The non- and 6.9 ¥ 10 6 ml -1 for the infected and non-infected host respectively, and 1.2 ¥ 10 6 for SIO-2). Note the development of resistant cell population 12 h post infection. (Fig. 3 ). Of these 116 ORFs, only 38 (32%) had recognizable homologues in GenBank, and only half of these encoded protein with known function (Table 2) . Thus, the SIO-2 gene inventory is largely uncharacterized, similar to the siphoviruses of marine origins that have previously been sequenced. Among the 38 genes with detected homologues, 43% appeared to be related to viruses, 3% were related to archaea, and the remaining 54% had homologues in several groups of eubacteria (Table 2 ). Some or all of the cellular hits may be due to prophages in the cellular genomes. In contrast, there were no best hits to the SIO-2 host genomes nor to marine phage sequences excepting V. harveyi siphovirus 1 (VHS1), which was isolated from shrimp culture ponds in Thailand (Pasharawipas et al., 2005) . VHS1 sequences made up a third of the total matches in SIO-2, indicating a close genetic relatedness between both bacteriophages, although they were isolated from temporally and geographically separated locations. However, available sequences for VHS1 only account for 20% of this phage genome (Pasharawipas et al., 2005) . This fragmentary representation of VHS1 genome may thus distort comparison between both phage genome and, thereby, the interpretation of SIO-2 genomics. We therefore chose to exclude VHS1 hits from the following analysis.
Transcription and translation machinery. We investigated putative promoter sequences using the Escherichia coli s 70 consensus sequence as a probe. Twenty-one of the first 35 candidate promoter sequences were located in intergenic regions, which in aggregate accounted for 4.7% of the genome (Fig. 3) . This asymmetric distribution to intergenic regions strengthens the case that these are functional promoters rather than chance matches to the promoter consensus. We also examined the intergenic regions for possible factor-independent (stem-loop) transcription terminators and found 22 such sequences (Fig. 3) . A search for direct repeats in the sequence identified five sequences ranging in size from 22 bp to 45 bp that occurred identically two or more times on the genome. These repeated sequences all occurred in intergenic regions, overlapping with transcription promoters, terminators and Shine-Dalgarno sequences (Figs 3 and  S4 ). The functional significance of the exact identity of these sequence repeats, if any, is unknown. Fig. 3 . Genome map of phage SIO-2. The circular sequence is broken at an arbitrary point and the 116 protein-coding genes, all transcribed in the same direction (left to right as shown here) are shown as coloured rectangles. Bent blue arrows show the positions of putative transcription promoters; vertical orange arrows show the positions of putative factor-independent transcription terminators. The genes coloured in red are those that have been identified as encoding virion structural proteins or virion assembly factors. The assignment of these genes is described in the text. The putative functions indicated above other genes are derived from matches in BLASTP or PSI-BLAST searches. Genes indicated as 'h.p.' make strong matches to hypothetical protein sequences in the database with no identified functions. The coloured vertical bars between genes 5 and 6, 39 and 40, 65 and 66, 74 and 75, and 101 and 102 indicate the positions of the 22-45 bp exact repeats in the sequence, with the five different colours of bars showing the positions of the five different repeated sequences. The predicted proteins from 13 SIO-2 genes match proteins predicted from the fragments of phage VHS1 sequence available in GenBank; these genes are indicated with a '᭜' symbol below the gene rectangle. 
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The translational start sites for almost all of the genes appeared unequivocal because of the presence of an appropriately located Shine-Dalgarno translation initiation sequence. The two exceptions are gene 91, which we discuss below, and gene 108, where an upstream ShineDalgarno sequence might conceivably be brought into position by formation of RNA secondary structure, as has been proposed for gene 38 of coliphage T4 (Gold, 1988) and gene 6 of coliphages HK97 and HK022 (Juhala et al., 2000) . The start codon for 110 of the 116 genes was AUG; the remaining six used GUG. There was no detectable tRNA gene in the SIO-2 genome sequence. The function of these genes in bacteriophages is not fully understood. Bailly-Bechet and colleagues (2007) have recently proposed that tRNAs that are kept in phage genomes typically correspond to codons that are highly used by the phage genes while rare in the host genome. Codon usage pattern in the genome of SIO-2 was very similar to those of the SWAT3 and ATCC BAA-1116 hosts (Fig. S5 ), suggesting that this phage has adapted well to the translation apparatus of its hosts.
DNA metabolism genes. Most of SIO-2 genes encoding protein with robust functional homologues in GenBank are involved in DNA metabolism ( . The reconstruction of the molecular phylogeny of DNA pol A protein suggests that SIO-2 is distantly related to bacteriophage of differing morphology (myo-, podo-and siphovirus), which infect unrelated hosts (Fig. 4) . Interestingly, this phylogeny showed a consistent tendency for phage to cluster with counterparts sharing similar replication strategies (Fig. 4) . Cluster I, which includes SIO-2, was composed of strictly virulent bacteriophages (e.g. Wang et al., 2005; Naryshkina et al., 2006; Stewart et al., 2009 ) with the exception of VHS1 which was shown to be non-obligately lytic (Khemayan et al., 2006; Pasharawipas et al., 2008) . This observation supports the results from the laboratory experiments (see above Host-virus interactions) indicating that SIO-2 has a virulent replication strategy. It is furthermore consistent with the lack of detectable elements associated with lysogeny control (repressors, antirepressors, integrase) in this phage genome. As such, SIO-2 appears to be the first representative of marine siphovirus sequenced to date with a hypothesized strictly virulent lifestyle. Additional investigations will help to refine our understanding of the interactions between SIO-2 and its host.
Structural and assembly genes. Sequences of the head and tail structure and assembly proteins are often the most strongly conserved among the predicted proteins of a newly sequenced phage, and their identification is usually made more secure by the fact that their genes are most often arranged in a stereotyped order on the genome Hatfull et al., 2008) . For SIO-2, only three of these proteins, the terminase large subunit (gene 4), the portal protein (gene 15) and the tail length tape measure protein (gene 92) gave identifying hits better than an e = 10 -5 cut-off in a BLASTP search. The identification of the tape measure protein is strengthened by the fact that structure predictions based on the amino acid sequence indicate that the protein is expected to be almost entirely a-helical, and arranged in a coiled coil; these are characteristic properties of tape measure proteins. In addition, the predicted length of the tail, based on the length of the tape measure protein arranged as an a-helix (Katsura, 1987; Pedulla et al., 2003) , is 207 nm, which agrees well with the measured length of the tail at 209 Ϯ 16 nm.
We were able to assign putative functions to six additional head and tail proteins for which there were good BLASTP hits to proteins of unknown function that could be expanded to include known examples of head or tail proteins using PSI-BLAST. These included the head accessory protein (gene 16), capsid maturation protease (gene 82), major capsid protein (gene 84), a tail completion protein (gene 87), major tail subunit (gene 89) and a tail baseplate protein (gene 96). The identifications for these six genes are rather weak in terms of sequence identity, but our confidence in their correctness is substantially strengthened by the fact that they are exactly in the 'canonical' order on the genome map that has been documented for their homologues in many other tailed phages.
Finally, we were able to identify three additional head and tail proteins based on the positions of their genes and on special features of their sequences. The gene encoding the scaffolding protein (a capsid assembly chaperone) is typically located between the gene for the capsid protease and the gene for the major capsid subunit, which in SIO-2 describes gene 83. Although there is no useful sequence match to the protein encoded by gene 83, it is predicted to be almost entirely a-helix, which is characteristic of scaffolding proteins (Ně meček et al., 2009) . We have accordingly made this assignment. In the majority of long-tailed phages it has been possible to identify a pair of overlapping ORFs in the space between the genes encoding the major tail protein and the tape measure protein in which the downstream ORF is expressed as the result of a ribosomal frameshift in the region of overlap (Xu et al., 2004) . SIO-2 genes 90 and 91 fit this description: a transfer of the ribosome from 90 to 91 would require a -1 frameshift, and we find a convincing -1 frameshift sequence (A.AAA.AAG) appropriately positioned in the overlap region. Taken together, we considered this strong evidence for correct identification of these genes, which in the prototypical example of coliphage l have been shown to encode tail assembly chaperones (Xu et al., 2004) . We have thus labelled genes 90 and 91 with the names of the l analogues, G and T (Fig. 3 ). There were six additional genes interspersed in the main group of head and tail genes, namely genes 85, 86, 88, 93, 94 and 95. We have no direct information about their functions but we strongly suspect them to be also head and tail genes by analogy with the numbers and distributions of head and tail genes in more extensively characterized phages.
SDS-PAGE analysis of mature SIO-2 virion resolved 14 structural proteins including six major polypeptides of 12, 29, 31, 34, 55 and 137 kDa and eight minor polypeptides Characterization of the novel marine siphovirus SIO-2 7 with molecular masses ranging from 15 to 121 kDa (Fig. 5) . Two of the bands on the gel can be confidently matched with functions, namely the 29 kDa band, which as the most abundant protein on the gel must be the major capsid protein, and the 137 kDa band, for which the tape measure protein is the only protein encoded in the genome that is big enough to account for it. The predicted size of the major capsid protein . On this unrooted ML tree, Cluster I includes SIO-2 and gathers bacteriophages of variable morphology (sipho-, podo-and myoviruses) that are strictly lytic (except for VHS1 determined as non-obligately lytic) for hosts belonging to various phyla. Cluster II comprises podoviruses that are all strictly lytic for unrelated hosts. Bacteriophages belonging to Cluster III are temperate siphoviruses except for Rhodococcus phage ReqiPine5 and Mycobacterium phage D29 that are both lytic siphoviruses. No information on replication strategy of Mycobacterium phage CHAH is available. The branches leading to JL001, PHI12 and SPO2 have different position using NJ (pink dot) or ML method. This local variation is not surprising considering the rather long branches leading to this subgroup, which reflect considerable divergence in DNA polymerase I sequences of these phages. Bootstrap values of the invariant clusters are indicated by italicized and underlined numbers for the ML and NJ topology respectively. is 35.1 kDa, which suggests that it is proteolytically processed into the 29 kDa form during capsid maturation, in agreement with the presence of a gene for the capsid maturation protease. Similarly, the tape measure protein, at a predicted 149 kDa, is predicted to be somewhat larger than the 137 kDa form on the gel. There is evidence for assembly-dependent processing of the tape measure protein in some other phages such as coliphage l . Similar processing may be occurring in the SIO-2 tape measure protein.
Distinctive features in SIO-2 genome. As discussed above, SIO-2 genome sequence per se shows substantial divergence to known bacteriophages. The 80 kb genome of SIO-2 is relatively larger than previously sequenced siphoviruses whose genome sizes range from 20 to 50 kb, with a few exceptions including the marine cyanophage P-SS2 (108 kb), the enterophage T5 (121.7 kb) or the mycobacteriophage Omega (111 kb). Furthermore, this large genome comprises a high proportion of genes, including core and non-core genes, lacking homologues in databases (68%). These uncharacterized genes are substantially more abundant in SIO-2 than in the more extensively characterized siphoviruses where often half the predicted proteins have detectable homologues (Brüssow and Desiere, 2001; Proux et al., 2002; Pedulla et al., 2003) . A similar pattern was observed in the three marine siphovirus genomes presently available, pointing to the paucity of sequences of marine siphoviruses in the databases and/or probable adaptations of these phages to survive and propagate in the ocean (Lohr et al., 2005; Sullivan et al., 2009) .
Another great divergence to known siphoviruses is also manifested by the origin of the core genes in SIO-2 genome. Several core genes encoding functions in DNA metabolism (genes 14, 105, 107, 109, 112, 115) and virion structure (genes 4, 15, 84, 89, 92) were indeed identified based on BLAST matches. Unexpectedly, most of these genes shared robust similarities (evalue range: 10 -10 to 10 -62 ) with unrelated viruses (Rhodococcus phage, Ectocarpus siliculosus virus) as well as bacteria spanning a wide range of phyla (Proteobacteria, Bacteroidetes, Firmicutes, Actinobacteria) . In contrast, there were no best hits to SIO-2's hosts' genome or to marine bacteriophage sequences (other than VHS1). Caudovirales are known for their ability to easily replace genes with completely unrelated sequences that are functionally equivalent (Lawrence et al., 2002) . However, the gene repertoire of SIO-2 comprises a particularly wide variety of origins, presumably reflecting frequent subversion of bacterial genes and, possibly, a facilitated ability for gene recombination and expression.
In addition to the sequence content and origins, the genome architecture is also divergent in SIO-2. As described earlier, the order and location of genes involved in virion structure and assembly are typically conserved in siphovirus genomes Hatfull et al., 2008) . In SIO-2, these genes are in the same order as in most viruses, but they are interspaced at two places in an unusual way. First, the terminase gene (gene 4) and the portal gene (gene 15), adjacent in many phages, are separated by an apparent 9 kb insertion in the SIO-2 genome. Similar displacement has been observed in the myovirus SPO1 and some of its relatives (Stewart et al., 2009) . In SIO-2, this apparent insert encodes 10 predicted proteins, including a pyruvate phosphate dikinase (gene 9), a tyrosine phosphatase (gene 11), two phage-related proteins (genes 12 and 13) and the core gene DNA pol (gene 14). The five remaining genes are unique to SIO-2. Interestingly, genes 12 and 13 are also detected in VHS1 genome but in no other bacteriophage sequences, suggesting that these putatively inserted genes may encode important functions as they are maintained in this related phage.
The second displacement of interest is located between the head accessory gene (gene 16) and the capsid protease gene (gene 82). These genes, typically adjacent in most tailed-phage genomes, are interspaced with a 34 kb insertion in SIO-2. This large insert has a distinctly different character from the rest of the genome. Most strikingly, the average gene size for this region (160 codons) is only 54% of the average size for the genes in the remainder of the genome (297 codons). Only one of the 65 predicted proteins encoded in this interval can be assigned a putative function (the methyl transferase in gene 17). The remaining six proteins encoded in this region that make significant BLASTP hits match only hypothetical proteins of unknown function. Curiously, one of these (gene 60) matches over its N-terminal half to an abundantly synthesized early protein of phage l of unknown function, and another (gene 23) matches in its C-terminal half to a hypothetical protein found in five different enterobacterial and Vibrio phages. These smaller genes of largely unknown function are reminiscent of the non-core genes reported in large bacteriophage genomes as in T4-like phages , cyanophages (Millard et al., 2009 ) and also Bacillus phage SPO1 (Stewart et al., 2009) . Inserts detected in these bacteriophages are highly variable in gene composition and origins within a phage superfamilly. These regions of hyperplasticity were therefore suggested to be a preferred target for gene shuffling Stewart et al., 2009 ). The functions encoded by these genes, the way they got inserted in phage genome and their origins are still largely unknown, although a remarkable mechanism for short insertions has been proposed recently for the T4-like phages (Arbriol et al., 2010) . The sequencing of novel SIO-2-like phage genomes should serve to better understand the evolution of these intriguing inserts and their possible implications for phage fitness.
The acquisition of these extra pieces of DNA during the course of its evolution can explain the relatively larger genome size in SIO-2 (80 kb) compared with most known siphoviruses (typically 20-50 kb). For these latter bacteriophages, the genome is usually densely packed in capsids typically in the order of 40 to 60 nm (as reviewed in Hatfull et al., 2008; Sullivan et al., 2009 ). This, of course, raises the question as to whether the acquisition of extra DNA in SIO-2 genome is associated with morphological variations of its capsid. And indeed, not only the size but also the overall architecture of SIO-2 appear to be divergent from known siphoviruses. TEM revealed that the SIO-2 capsid is bigger than previously reported for most known siphophages (80 nm vs. 40-60 nm). Importantly, a parallel structural study revealed that SIO-2 displays a novel capsid architecture (T = 12) decorated with accessory proteins, presumably reinforcing this phage structure (G.L. Lander, A.-C. Baudoux, F. Azam, C.S. Potter, B. Carragher and J.E. Johnson, submitted). We do not know whether the 65 genes of the 34 kb insert were acquired in a single event or incrementally over time, although we favour a single event because it is easier to reconcile with the fact that all 65 genes are inserted at the same place in the head gene order. If the 65 genes were added incrementally, the change to a T = 12 capsid from a presumed ancestral T = 7 or T = 9 capsid could have been an adaptation to increasingly tight DNA packing. If the 65 genes were acquired in a single event, we suggest that the phage must have first acquired the ability to make larger capsids, which would have made it possible to accommodate a sudden large increase in genome size. We note that the constraints imposed by the geometry of triangulation numbers mean that, in contrast to genome size, capsid size cannot change in small increments [except in the case of changes in the length of prolate capsids (Lane and Eiserling, 1990 ), which does not apply here].
Insights into the functionality of SIO-2 structure. In the light of the high level of structural novelty in SIO-2 (see above discussion), we investigated the stability of these particles against a variety of chemical, physical and environmental factors. These assays revealed a remarkable tolerance of SIO-2 to these treatments. This phage could survive temperatures from -196 to 65°C, it remained infectious after 24 h exposure over a broad range of pH (3-10), salt concentrations (0-84 g l -1
) and there was no evidence of inactivation caused by pressures ranging from 14.6 psi to 7251 psi corresponding to hydrostatic pressure from 1 to 5000 m depth (Table 3) . A series of 24 h incubations were also deployed to assess the effect of natural sunlight and UV-radiations, known to be the main cause of virus inactivation in the ocean, as well as viricidal agents in natural seawater (Suttle and Chen, 1992; Noble and Fuhrman, 1997) . Under these conditions, SIO-2 had a global decay rate of 73% day -1
. Not surprisingly, SIO-2 survival was mostly affected by natural sunlight, which accounted for most of the observed loss rate (72% day . In absence of light, no detectable loss in SIO-2 viability was observed suggesting that natural viricidal agents, such as hydrolytic enzymes from bacterial origins or grazing, had negligible effect on particle stability. The few marine bacteriophages investigated for their tolerance to solar radiations were all shown to be sensitive to this factor and decayed at slightly higher rates than those observed for SIO-2 (Suttle and Chen, 1992; Wommack et al., 1996; Noble and Fuhrman, 1997) . However, the experimental set-ups of these studies dif- fered, which prevents further comparison or speculation. Collectively, these assays indicate that the structural information encoded in the SIO-2 genome confers on this phage a remarkable stability in nature. This structural stability and the observed abundance of potential host in different marine environments (see Host-virus interactions) suggest that SIO-2 has a relatively large fundamental niche although best adapted to light attenuated ecosystems.
Prevalence of SIO-2 in the ocean. The accumulation of marine virome datasets provides a unique opportunity to relate the fundamental niche of SIO-2 to their actual distribution (i.e. realized niche). In spite of the observed ability of this phage to withstand a wide variety of environmental factors, SIO-2 sequences appeared to be rare in oceanic viromes publicly available. There were very few reads (seven in total) with a best hit to SIO-2 genome (Table S3 ) and the alignment lengths of these hits were short (24-31 bp). Similarly, homologue sequences to SIO-2 hosts (SWAT-3, V. harveyi BAA-1116 and V. campbelli ATCC 25920) were not detected in oceanic metagenomes. Marine Vibrios, which are widely distributed in marine environments, can occur either free-living in the water column or associated to marine aggregates or organisms (e.g., Kushmaro et al., 2001; Thompson et al., 2004) . Vibrio sp. SWAT3 was interestingly isolated from an organic aggregate (Long and Azam, 2001) , whereas strains of V. harveyi can be found on the surface or within marine animals such as shrimps, corals or fishes (Thompson et al., 2004; Austin and Zhang, 2006; Austin, 2010) . Likewise, marine viruses can occur at high local concentrations on aggregates and in/on organisms (Comeau et al., 2006; Comeau and Suttle, 2007; Mari et al., 2007) . It is thus possible that SIO-2 hosts, and presumably SIO-2 itself, have a particle-attached rather than a free-living lifestyle. Yet, marine metagenomes have essentially described the genetic diversity of the free-living communities, whereas particle-attached microorganisms are overlooked. The observed absence of SIO-2-like phages and its hosts in metagenomic datasets may thus be explained by an inadequate sampling of particle-attached viruses and their hosts. The presence of strikingly similar relatives, such as VHS1, in contrasting marine environments argues that SIO-2-like phages may, at least locally, be important members of the marine virioplankton.
Concluding remarks
Undoubtedly, viruses comprise the largest reservoir of genetic diversity in the ocean as revealed recently by metagenomic analysis. Most virus community sequences are, however, uncharacterized, suggesting that known viruses might not be representative of the actual diversity of marine virioplankton. In particular, genome sequences of marine siphoviruses are largely under-represented in current databases. This study reports a comprehensive characterization of a novel marine lytic siphovirus, Vibrio phage SIO-2, which infects hosts of great ecological interest including the antagonistic bacterium Vibrio sp. SWAT3 and notable members of the Harveyi clade. The complete genome analysis of this phage revealed distinctive features, which manifest at three levels. First, the genome sequence as such is rather unusual. It is relatively larger than most known siphoviruses genomes (80 kb vs. 20-50 kb) and comprises a high proportion of genes that are unique to SIO-2, presumably involved in this phage's adaptation to survive and propagate in the ocean. Second, the origins of the genes with robust homologues constitute another intriguing divergence. Although siphoviruses are known to easily shuffle genetic information through lateral gene transfers, the repertoire of genes in SIO-2 genome spans an astonishingly wide range of origins from archaea to eukaryotic viruses. We suspect that this phage-host system could occur on marine aggregates and/or organisms, which are often densely colonized by taxonomically diverse and active microbial communities (Smith et al., 1992; 1995; Acinas et al., 1999; Simon et al., 2002) . Whether such promiscuity was a driving force in SIO-2 genome evolution remains unclear, but it certainly points to the need of better characterizing the viral diversity associated with these quasiunexplored environments. Third, the siphovirus SIO-2 harbours an unusual genome architecture where core genes are unexpectedly interspaced with insertions of DNA comprising a high density of unknown genes. These intriguing inserts are reminiscent of hyperplastic regions in T4-like myoviruses where at least some of these genes are thought to improve bacteriophage fitness. Although the function and origins of these inserts remain unknown, they are interestingly associated with morphological variation of the SIO-2 capsid, which was shown to assemble as a large (80 nm) shell with an unusual T = 12 symmetry (G.L. Lander, A.-C. Baudoux, F. Azam, C.S. Potter, B. Carragher and J.E. Johnson, submitted). Given the high level of novelty of this phage and the ecological implication of its host, Vibrio phage SIO-2 emerges as a model of considerable interest. The isolation and sequencing of additional SIO-2-like phage should serve to improve our understanding of the diversity, the evolution and the ecology of this intriguing group of siphoviruses.
Experimental procedures
Phage isolation and purification
Vibrio phage SIO-2 was isolated from coastal Pacific surface waters off the pier of the Scripps Institution of Oceanography (SIO Pier), La Jolla, California on September 14, 2007. A
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seawater sample was filtered through 0.2 mm and concentrated (c. 10-fold) using a 100 kDa hollow fibre ultrafiltration unit (Amersham). The concentrated sample was used directly in a plaque assay with the marine bacterium Vibrio sp. SWAT-3 (Long and Azam, 2001 ) grown in ZoBell medium (5 g l -1 peptone, 1 g l -1 yeast extract). After 48 h incubation, a large, well-resolved, plaque (Fig. S1 ) was picked from the lawn of host cells, eluted in 0.02 mm filtered autoclaved seawater (FASW), and combined with host culture in a plaque assay. This procedure was repeated two more times to ensure isolation of a clonal phage population. A clonal lysate of SIO-2 was stored at 4°C until use.
Transmission electron microscopy
An aliquot (4 ml) of clonal phage suspension was applied to a glow-discharged copper EM grid (400 mesh size) with a nitrocellulose backed carbon surface. Following a 10 s incubation, the grid was blotted with filter paper and stained with 2% uranyl acetate and lead-citrate, blotted again and allowed to air dry. Specimens were imaged using a Tecnai F20 Twin transmission electron microscope operating at 120 keV at a magnification of 50,000X.
Phage-host interactions
The life cycle of SIO-2 was studied on SWAT3 host cultures grown in ZoBell (not nutrient-limited) and also in 1000-fold diluted ZoBell (ZoBell/1000, nutrient-limited). For the nonlimited conditions, a host culture in exponential phase grown in ZoBell was inoculated with a phage suspension at multiplicity of infection (moi) of 50 and incubated for 10 min to let the phages adsorb on host membrane. A control culture received 0.02 mm FASW and it was incubated under similar conditions. After incubation, both suspensions were pelleted (2000 g, 5 min, 18°C) to remove unadsorbed viruses and resuspended in liquid ZoBell to a dilution of 100-fold from the initial infection conditions. Control and infected cultures were incubated in the dark at room temperature with gentle agitation. Samples for microscopy counts of viruses and bacteria were taken every 15 min to 6 h during a 24 h-incubation period. These samples were fixed with 0.02 mm filtered formaldehyde (2% v : v final concentration) for 10 min at 4°C followed by freezing in liquid nitrogen and storage at -80°C until analysis. Thawed samples were stained with Sybr Green according to Noble and Fuhrman (1998) (see Supporting information). Slides were examined at 100¥ magnification under blue-light excitation using an Olympus epifluorescence microscope. More than 200 bacteria and viruses were counted in 20 fields of view. The bacteriophage burst size was determined by calculating the ratio of the net increase in viral abundance to the maximum net decline in bacterial abundance. The latent period corresponded to the time period until extracellular release of SIO-2 progeny.
For the nutrient limited conditions, the bacterial host was acclimated in ZoBell/1000 for three cycles of 48 h at room temperature. After 48 h, one volume of the culture was added to nine volumes of ZoBell/1000. This novel culture was grown for another 48 h. The process was repeated one more time. When acclimated, the host culture was inoculated with a suspension of SIO-2 (moi = 5) while a control culture received a similar amount of 0.02 mm FASW. The effect of phage addition on host growth was verified using a SIO-2 resistant culture of SWAT3 previously acclimated on ZoBell/ 1000 as described above.
Host range
SIO-2 host specificity was first determined by plaque assay using a broad range of Vibrio species and related genus cultures (Table S1 ). Dilution series of SIO-2 suspension (10 2 to 10 8 PFU ml -1 ) were incubated with the potential host cultures for 15 min. After incubation, the sample was mixed with the top agar and plated onto a lawn of ZoBell agar. EOP was quantified by calculating the ratio of SIO-2 plaque titre obtained with the heterologous host to that obtained with Vibrio sp. SWAT3. To complement this culture-based assay, fluorescently labelled viruses (FLVs) were also used to enumerate SIO-2 hosts in natural seawater based on the protocol of Comeau and Noble (2010) (see Appendix S1
). An aliquot of FLVs suspension (1¥10 8 FLVs ml -1 , final concentration) was incubated in 10 ml natural seawater for 30 min, this mixture was filtered onto 0.2 mm filters (Anodisc or Nuclepore, Whatman) and examined by epifluorescence microscopy. FLVs-tagged cells were considered as potential SIO-2 hosts (Fig. S2 ). This assay was applied in different marine systems including the coastal Pacific Ocean (SIO-pier, 32°52′N, 117°15′W) from January to March 2009, and the English Channel (SOMLIT Roscoff, 48°46′N, 3°57′W), the Bay of Morlaix (48°40′N, 3°53′W) and coastal Atlantic Ocean (SOMLIT Brest, 48°21′N; 4°33′W) in October 2008.
Stability to chemical, physical and environmental factors
For all the stability tests, we used a SIO-2 suspension of 10 6 PFU ml -1
. The loss in infectivity after treatment was determined from PFU in plaque assay conducted under host culture conditions. The different treatments are detailed below.
Chloroform. SIO-2 suspension was treated with 10 and 50% (v : v) chloroform and incubated for 60 min at 15°C. The phages were recovered from the aqueous phase and loss in infectivity was determined.
Temperature. To test SIO-2 stability at low temperatures, 0.5 ml SIO-2 lysate were incubated in duplicate at -196°C (liquid nitrogen), -80°C and -20°C for 24 h. Subsequently, samples were thawed at 30°C and tested in plaque assay. Heat stability was tested on viral aliquots (1 ml) for temperatures ranging from 15 to 90°C for 15 min. Samples were then cooled on ice for 5 min and immediately used in plaque assay.
pH. SIO-2 suspension (1% v/v) was inoculated into 5 ml FASW adjusted at pH 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11 for 24 h at 4°C. After incubation, SIO-2 infectivity was determined from plaque assays conducted in host culture conditions. Salinity. SIO-2 suspension (1% v/v) was added to 5 ml artificial seawater (Harrison et al., 1980) with different NaCl concentration (0¥, 0.5¥, 1¥ and 2¥ of original NaCl concen-tration). Samples were incubated for 24 h at 4°C and tested in plaque assay.
Hydrostatic pressure. Fresh lysate was used to fill 4.5 ml polyethylene transfer pipettes (Samco). Transfer pipettes were heat sealed and incubated at 14.5, 725, 1450, 4351 and 7251 psi in stainless-steel pressure vessels for 30 min at room temperature. After incubation, the pressure was released and SIO-2 infectivity was immediately tested by plaque assay.
Environmental parameters. We deployed a series of incubations to determine the stability of SIO-2 to natural environmental factors, including natural sunlight, UV-radiations and viricidal agents naturally present in seawater. All glassware was acid cleaned (1 N HCl) and autoclaved (or otherwise rinsed three times with boiling MilliQ water). A freshly produced lysate was added to 1 l of seawater collected from the surface water at Scripps Pier at a final concentration of 1 ¥ 10 6 PFU ml -1 . This mixture was distributed, in duplicate, into 50 ml tubes made of quartz (UV-transparent), Pyrex (UVopaque) and wrapped into three layers of aluminium foil (light-proof). Controls without phage addition were prepared in parallel. All samples were incubated at ambient seawater temperature on the roof of the Hubbs Hall building at Scripps Institution of Oceanography on a cloudless day (5 May 2009). Decay in SIO-2 infectivity was monitored over 24 h by plaque assay. During these incubations, the phage suspension was exposed to a temperature range of 14-19.9°C and average PAR of 1000 mmol s -1 m -2 (as recorded at the SIO Pier weather station, 500 m from the site of the experiment, courtesy R. van Boxtel).
Genome sequencing
Culture of the bacterial host SWAT3 was combined with SIO-2 in 25 plaque assays giving confluent lysis. Once plaques appeared, viruses were eluted in 10 kDa FASW for 1 h. Eluates were 0.2 mm-filtered (Nuclepore), concentrated by ultracentrifugation (SW28, 141 000 g, 2 h at 8°C) and the subsequent phage pellet was purified by linear sucrose gradient (10-40% in 10 kDa FASW) centrifugation (SW41, 17 000 r.p.m., 1 h at 8°C). Purified SIO-2 particles were resuspended in 10 kDa FASW and stored at 4°C until use. Prior to sequencing, the nature and the size of SIO-2 genome were determined by pulsed field gel electrophoresis as described elsewhere (Baudoux and Brussaard, 2005) . The dsDNA genome of approximately 80 kb (Fig. S3) was extracted from sucrose-purified SIO-2 particles using standard procedure (Sambrook et al., 1989) and sent for sequencing to the Broad Institute in the context of Marine Phage, Virus, and Virome Sequencing Project launched by the Gordon and Betty Moore Foundation (GBMF). After passing the Broad Institute's quality control steps, 454 libraries were prepared and pyrosequenced as described in Henn and colleagues (2010) . Briefly, SIO-2 genomic DNA was sheared using Covaris AFA technology and DNA fragments larger than 200 bp were concentrated by adding 0.8¥ the volume of AMPure PCR purification system (Agencourt Bioscience corporation). Construction of 454-clone libraries was carried out using the GS20 FLX Library preparation kit (454 Life Sciences, Brandford CT) according to Margulies and colleagues (2005) . The DNA single-strand template was recovered using the Dynal MPC-S magnet, denaturated with 250 mM sodium hydroxide and neutralized with 10% acetic acid. After concentration with AMPure beads, the DNA template was quantified using the Pico 600 chip (Agilent, Santa Clara CA). PCR reactions and sequencing were performed according to the GS20 of FLX protocol. The sequence of SIO-2 genome has been submitted to the GenBank database under accession number PRJNA42177 ID: 42177.
Genome assembly and annotation
Raw sequence reads, generated at the Broad Institute, were assembled using Phrap and examined in Consed at the Pittsburgh Bacteriophage Institute. The final draft assembly was 81 184 bases, with an average coverage depth of 57 reads and a quality score greater than 60 for 99.86% of the bases. This draft sequence had a terminal duplication of 589 bases, indicating that the virion DNA either is circularly permuted or contains a terminal redundancy. Manual examination of the assembly showed no evidence of 'pile-ups' of sequence reads with a common end, as is seen when the virion DNA contains non-permuted terminal redundancy. We therefore concluded that the virion DNA is circularly permuted. The resulting nonredundant sequence is 80 598 bp long. For a circularly permuted genome, the assignment of the start of base numbering is arbitrary. Since the cumulative GC Skew analysis (window size 100 bp, Grigoriev, 1998) failed in predicting a site of replication origin, we placed the origin in a large intergenic space three genes upstream from the terminase gene.
Initial gene calls were obtained from Glimmer (Delcher et al., 1999) and GeneMark (Besemer and Borodovsky, 2005) by DNA Master 5.22.1. In addition, gene coordinates were determined manually, guided by the GeneMark coding potential output and the presence of appropriately located ShineDalgarno translation start sequences. The three methods of assigning gene starts agreed for all but six genes, and the disagreements were resolved by manual inspection. Functional assignments of the predicted amino acid sequences were made by BLASTP, automated by DNA Master, followed by manual PSI-BLAST for all sequences making strong matches in BLASTP. For some of the virion structure and assembly proteins, additional information, principally relative gene positions, was used to infer probable functions, as described in the text. Preliminary assignments of taxonomic origin for predicted proteins were made using the DarkHorse program, version 1.3 (Podell et al., 2008) . Searches for potential tRNA and tmRNA genes were carried out with Aragorn (Laslett and Canback, 2004) and tRNAScanSE (Lowe and Eddy, 1997) . Promoter candidates were found in DNA Master, using a search template for E. coli sigma70 promoters. Putative factorindependent transcription terminators were found initially by manual examination of intergenic regions. Subsequent automated search of the entire sequence for hairpins gave no additional convincing terminator candidates.
Structural proteins
Sucrose gradient-purified suspension was diluted in Laemmli buffer (Laemmli, 1970) and heated at 95°C for 5 min. A subsample was resolved on SDS-PAGE gel (Ready gel, 4-12%
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Tris-HCl, Bio-Rad, Hercules, CA, USA) using a Mini Protean 3 Cell (Bio-Rad). Protein molecular weight standards (Precision plus protein standard, Bio-Rad) were used for size calibration. The gel was stained with Coomassie Blue (Bio-Safe, Bio-Rad) for 30 min and destained for 30 min in MilliQ water prior to imaging using a white light table.
DNA polymerase A (DNA pol A) protein phylogeny
DNA pol A sequences of known bacteriophages (Table S2) were used to investigate SIO-2 phylogeny. Multiple alignment has been automatically performed using the specific family DNA pol A profile, the raw HMM guide PF00476 from the Pfam database (Finn et al., 2010) and run under HMMER v.3 software (http://hmmer.janelia.org). Alignments were manually edited as needed and used for conducting molecular phylogenies based on Maximum Likelihood and NeighbourJoining, which lead to congruent topologies. An unrooted tree has been produced with FastTree program (Price et al., 2009 ) using a Maximum Likelihood method and exhibits three main clusters, arbitrarily named I, II and III.
Marine microbial metagenome analysis
To determine SIO-2 biogeography, this phage genome was used to recruit homologous fragments from different microbial metagenomes publicly available from Cyberinfrastructure for Advanced Marine Microbial Ecology Research and Analysis (CAMERA) database (http://camera.calit2.net). SIO-2 genome was blasted using BLASTN (E < 10 -3 ) against several marine viromes available in this database. Additionally, we looked for homologues of the partial 16S rRNA gene sequence of SIO-2 hosts in CAMERA with a percentage of identity > 95% (GenBank accession nr: AF366022, X7469 and CP000789 for Vibrio sp. SWAT3, V. campbellii ATCC 25920 and V. harveyi ATCC BAA-1116 respectively). Table S1 . Bacterial cultures tested for the determination of SIO-2 host specificity. Efficiency of plating (EOP) was determined by the ratio of SIO-2 plaque titre obtained with the heterologous host to that obtained with Vibrio sp. SWAT3. Table S2 . Phage polymerase gene sequences (family A, PF00476.13) used for phylogenetic analysis. Table S3 . Metagenomic analysis. Appendix S1. Material and methods.
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